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Abstract

A numerical analysis was conducted to investigate the inlet buzz and combustion oscillation in an axisymmetric ramjet engine
with wedge-type flame holders. The physical model of concern includes the entire engine flow path, extending from the
leading edge of the inlet center-body through the exhaust nozzle. The theoretical formulation is based on the Farve-averaged
conservation equations of mass, momentum, energy, and species concentration, and accommodates finite-rate chemical
kinetics and variable thermo-physical properties. Turbulence closure is achieved using a combined scheme comprising of a
low-Reynolds number k-¢ two-equation model and Sarkar’s compressible turbulence model. Detailed flow phenomena such
as inlet flow aerodynamics, flame evolution, and acoustic excitation as well as their interactions, are investigated. Mechanisms
responsible for driving the inlet buzz are identified and quantified for the engine operating at subcritical conditions.
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Nomenclature kg ki, =forward/backward reaction rate of rth reaction
L = total length of domain of the grid dependency
A del f Arrheni i fest
=model constant of Arrhenius equation
) d M, = turbulent Mach number
a,, a, a; =model constant of damping factor p  static pressure
Ce =model constant of turbulent time scale . N
P, = production of kinetic energy
C. C, = rrToc.lel . constants of turbulent energy 4.4, — heat flux
dissipation Ges Gy = diffusional flux of species s
C, =model constant of turbulent viscosity R, = universal gas constant
¢ = speed of sound b = mass stoichiometric ratio
D = diffusivity T = static temperature
E = specific total energy T = turbulent time scale
E, = activation energy t =time
h = specific enthalpy u,v =velocity
k = turbulent kinetic energy X,y = spatial coordinate
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Y, =mass fraction of species s

W, =molecular weight of species s

a,, 05, a;  =model constants for compressible correction

p =model constant for eddy dissipation concept

y = specific heat ratio

&, = compressible dissipation

&, = dissipation rate

A = damping function

u =molecular viscosity

U = turbulent viscosity

p = density

0y, 0, =model constants

T = viscous stress tensor

7 = Kolmogorov time scale

v, U, = stoichiometric coefficients of species k of rth
reaction

Subscripts

i,j = spatial coordinate index

s =species

Superscripts

time average

~ = Favre average

= fluctuation associated with mass-weighted
mean

1. Introduction

Supersonic ramjet engines typically at

supercritical conditions to achieve reasonable system

operate

performance while maintaining a sufficient inlet shock
stability margin. Undesired low-frequency inlet flow
oscillations, a phenomena commonly referred to as buzz,
may arise when the engine operates in the subcritical regime,
and subsequently deteriorate the system stability and
performance due to the ensuing flow oscillation, combustion
instability, engine surge, thrustloss, etc. In the worst scenario,
engine unstart occurs and causes the system failure.

Inlet buzz was first documented by Oswatitsch in 1947[1].
A series of studies was then conducted in the 1950s [2-6],
primarily based on limited experimental measurements
and linear stability analyses [2-6]. In the 1980s, motivated
by the needs to circumvent ramjet combustion instability
problems, Sajben and co-workers performed experimental
studies on inlet diffuser flows with pressure oscillations [7-
9]. Several related studies were also conducted to explore the
internal flow-fields in ramjet engines, with special attention

focused on the inlet aerodynamics [10-12] and combustion
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chamber dynamics [13-14]. Newsome[15] and Lu and Jain
[16] performed numerical simulations of subcritical inlet
aerodynamic and the buzz phenomenon. More recently,
Oh et al. [17] investigated the response of the flow-field in
a supersonic inlet to acoustic oscillations arising from the
downstream region.

Most of the above studies, except Ref. 13, treated either
the inlet or the combustor individually. The physical
characteristics involved in an entire engine have not been
thoroughly understood. Hsieh and Yang [18] developed an
integrated numerical framework for treating the flow and
flame evolution in the entire flow path of an axisymmetric
engine. Sung and Yang [19, 20] later examined the ignition
transient process and the key mechanisms for driving and
sustaining the inlet shock and combustion oscillations.
Low-frequency longitudinal pressure oscillations were
observed due to the interactions between the inlet and
combustor flow dynamics. The purpose of the present
work is to conduct a unified analysis of the flow-field in
an entire ramjet engine. The physical model of concern
extends from the leading edge of the inlet center-body to
the exhaust nozzle, so that various unsteady flow and flame
characteristics can be explored systematically. Special
attention is given to the mutual coupling between the inlet
buzz and combustion oscillation.

2. Numerical Method

The theoretical formulation is based on the Farve-averaged
conservation equations in axisymmetric coordinates, and
accommodates finite-rate chemical kinetics and variable
thermo-physical properties. Turbulence closure is achieved
using a combined model of the low-Reynolds-number
k-& two-equation[23]
turbulent model[24-26]. The governing equations are solved

and Sarkar’s compressible-flow
numerically by means of a finite-volume, preconditioned
flux-differencing scheme capable of treating a chemically
reacting flow over a wide range of Mach numbers. The code
is paralleled with a multi-block feature by using an MPI
library to speed up the calculation.

2.1 Governing Equations

The the
conservation of mass, momentum, energy, and species

Favre-averaged governing equations for

concentration for a chemically reacting flow can be written as:

0 o(E-E,) a(F-F,)
ot ox

aH
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+

axi axi,v (1)
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The source vector H includes source terms associated
with gas injection, chemical reaction, and turbulence. For an
axisymmetric calculation, a is 1.

For a multi-component mixture, specific total energy and
specific internal energy can be written as follows;

uu.
E=e+— =h 7£
2 7', ©)
N N T
h=YYh (Ah e )dT) @)
s=1 s=1 o

®)

where h, and W, are the specific enthalpy and molecular
weight of species k, respectively, and R, the universal gas
constant. The pressure is evaluated from the ideal gas
for a mixture of thermally perfect gas. A global reaction
mechanism is applied to describe the chemical kinetics.
In order to evaluate rate of a chemical reaction, Arrhenius
equation and eddy dissipation model are implemented for
the consideration of the turbulent combustion [21, 22]. B is
model constant of 2.0.
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k=Aexp(-E, /R T)[C,H,y, ]0'25 [0, ]1'5

(10)
A4=3.0x10" in cgs unit, E, =30 keal / mol
@ppe = 40pEMIN(Y,,, ~2, B Vs ) (11)
epc = - pk uel? (1+b)
=MDy rivs> D) (12)

2.2 Turbulence Closure

The standard k-¢ model, which was proposed for high
Reynolds number flows, is traditionally used with a wall
function. Such an approach, however, encounters a
singularity problem on the wall for flows with separation.
Thus, a low Reynolds number k-¢ model was developed for
the near-wall turbulence. Within certain distances from
the wall, all energetic large eddies reduce to Kolmogorov
eddies, and all the important wall parameters such as
friction velocity, viscous length scale, and mean strain
rate at the wall can be characterized by the Kolmogorov
micro scale. Yang and Shih [23] proposed a time-scale-
based k-¢ model for the near-wall turbulence using the
Kolmogorov time scale as its lower bound. The equation
can be integrated all the way to the wall. The advantages
of this model are (a) no singularity at the wall, and (b)
adaptability to separation flows, since R, instead of y+ is
used as the independent variable in the wall damping
function. The model is applicable to more complex flows.
The low Reynolds number model is designed to maintain
the high Reynolds-number formulation in the log-law
region, and is further tuned to fit measurements for the
viscous and buffer layers. This approach is adopted in the
present work.

As the Mach number of a turbulent flow increases, the
velocity fields can no longer be assumed to be solenoidal.
Turbulence modeling for compressible flows must be
developed to take into account various compressible flow
characteristics. To this end, the present study employs a
combined model of compressible-dissipation and pressure-
dilatation proposed by Sarkar [24-26] along with the low
Reynolds number k-¢ model. The turbulent kinetic energy
and its dissipation rate are calculated from the turbulence

H
Oy

transport equations written as follows:
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where ¢, and p'd" represent compressible-dissipation and
pressure-dilatation, respectively, and

& =aMe, (15)

p'd"=-a,PM; +a, peM? (16)
where M, =2k / ¢ is the turbulent Mach number. The closure
coefficients for the compressible corrections are ,=1.0,
0,=0.4, a,=0.2

Turbulent quantities

of the inflow condition are

determined as follows:

1.5

’ T,
£=00025 |y _1asget T
v T +110.4

inflow

k=0.001u,,,,’

inflow 2

(7)

Turbulent quantities of wall and center line are
extrapolated from the interior values.

2.3 Numerical Scheme

The conservation equations for moderate and high
Mach-number flows are well coupled, for which standard
numerical techniques perform adequately. In regions
of low Mach number flows, however, such strong flow
coupling breaks down, and the system of conservation
equations becomes stiff numerically. Shih and Yang [27]
proposed an algorithm based on scaling the pressure
terms in the momentum equations and preconditioning
the conservation equations to circumvent convergence
difficulty at low Mach number. To overcome the numerical
stiffness, a dual time-integration procedure designed for all
Mach number flows was employed. A second-order time
integration was applied to a physical time. The numerical
formulation is solved by means of a finite volume approach
in which inviscid fluxes are treated by the AUSMPW+{30]
and MUSCL(Monotone Upstream-centered Schemes for
Conservation Laws) algorithms and viscous fluxes by a
central difference algorithm. The code is fully parallelized
to speed up the calculation.

The overall numerical approach used for the current
research has been validated against several supersonic flow
problems [29-31].

3. Result and Discussion

3.1 Physical and Flow Conditions

Figure 1 shows the physical model and the computational
domain of concern. The engine designed by a performance
analysis code consists of an axisymmetric mixed-
compression supersonic inlet, a diffuser, and a combustor
with two wedge-type flame holders.

flow path is considered, extending from the leading edge

The entire engine

of the inlet center-body through the exhaust nozzle. The
computational domain is divided into eight different zones,
consisting of the external zone of two blocks and the internal
zone of six blocks. The boundary conditions include the
supersonic inflow and outflow, flow symmetry along the
centerline, wall boundary, and far-field for the external
boundary.

The free stream condition involves a Mach number of
2.1, pressure of 89848.3 Pa, and temperature of 281.8 K. The
corresponding flight altitude is 1 km. The fuel used in the
present study is Jet-A with an overall equivalence ratio of
1.0. A global reaction mechanism is applied to describe the
chemical kinetics. Turbulent combustion is treated using a
hybrid kinetic/eddy dissipation model [22]. For simulation
of premixed condition, fuel is introduced into the flow
path computationally by adding a source term at each cell
on the fuel injector plane with a pre specified distribution,
mimicking the fuel injection into the air stream from a
chocked orifice on the wall [19]. Fuel injection plane locates
about 0.23 m upstream of the leading edge of flame holders.

3.2 Grid Dependency Test

In order to examine the effects of grid resolution, three
grid systems named Level 1, 2, and 3, described in table 1,
were considered. The computational domain includes the
external flow region and the inlet diffuser, zone 1 through the
half of zone 4, where complex flow phenomena like shock-
boundary layer interactions and shock train occur, which
strongly affect the entire flow quality. The grid points of the
zone 1 were adjusted only in zone 1-1 with ramp shocks. Y+
atthe 1stramp region which has the maximum velocity in the

Zone 1 Zone 3
icowl
-2 Zone 2 Zone 5~7 Zone 8
L d (Zone 4 combustor
1-1 center—body ie ) * — s ‘
I

T 1 fu‘el flame

Intake spike injection line holders
P1, P2 P5 P6 pP7 P8 P9 P10 P11

Fig. 1. Physical and computational model with locations of numerical pressure probes
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Table 1. Grid system selected for grid dependency test of intake region

Zone 1-1 Zone 2 Zone 3 The half region N Wall distance,
of zone 4 mm
Level 1 84x90 190 x 90 81x 80 50x90 = 5x10°
Level 2 | 138x120 360 x 120 81x 80 50x 120 = 5x10°
Level 3 | 138x 150 360 x 150 81x80 50x 150 = 1x107°
Density Gradient | ‘ _
Magnitude 1 16 48 131 273 414 556 697 838 980

Center-body

Cowl location

1st ramp shock

2nd ramp shock

Lamda shock
~

Center-body

Terminal shock

p Separation
bubble

Cowl location

Center-body

(a) Level 1

(b) Level 2

Fig. 2. Density gradient contours near the second ramp of a center body and the inlet cowl

(c) Level 3

1.04 1.0+
]
S 08 £ os
% % Separation bubble
o 0.6 a 0.6 a
=4 . o N
@ Terminal shock 5] Terminal shock
£ 04 N £ 0.4 and lamda shock
E ----Level 1 E - Level 1
5 02 2nd ramp shock — Level 2| 5 02 2nd ramp shock — Level 2
=z 1strampshock [ === Level 3 Z 9279 | 1st ramp shock

T T T T T T T T T T
0.0 0.1 02 03 04 05 0.0 0.1 0.2 03 0.4 0.5
/L x/L

(a) Along the wall of center-body

(b) Along the center of the flow-path

Fig. 3. Normalized pressure along the wall of the center-body and along the center of the flow-path

Table 2. Grid system selected for grid dependency test of combustor region

The half region Zone 5 Zone 6 Zone 7 ' Zone 8
of zone 4 without nozzle
Level 1 102 x 90 42 x31 42 x 31 42x30 251 x 150
Level 2 102 x 120 42 x 41 42 x 41 42 x40 251 x 180
Level 3 102 x 150 42 x 51 42 x 51 42 x50 251x210
Vortici
Mag"igde‘ Usg 2500 15000 22500 35000

(a) Level 1

(b) Level 2 (c) Level 3

Fig. 4. Vorticity contours near flame holders
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engine and the wall distance normal from the solid surface
to the first grid point are addressed in Table 1. The free
stream conditions include a Mach number of 2.1, pressure of
89848.3 Pa, and temperature of 281.8 K. The outlet boundary
condition was set up as subsonic pressure outlet.

Figure 2 and 3 show the detailed flow development near
the inlet entrance for each grid system. The normal shock
wave stemming from the center body intersects the two
oblique shocks originating from the leading cone, and leads
to a strong bow shock extending into the external flow region.
A small lambda shock wave is presented on the center body
surface, due to the interactions between the normal shock
wave and boundary layer. In addition, a separation bubble
is observed on the surface of the center body. The shock
system of Level 1 is thick and indistinct, but Level 2 and 3
represent clear shock structures. So Level 2 grid is applied
for this study.

In order to examine the effects of grid resolution in
the combustor, three grid systems named Level 1, 2, and
3, described in table 2, were considered. The number of
y-direction grid points of each case was identical to that
of cases used in zone 4 of intake region. Inlet boundary
condition included total pressure of 670 kPa and total
temperature of 520 K. The outlet boundary condition was set
up as subsonic pressure.

Because combustion characteristic is affected by the
vortex shedding near the flame holders, grid system should
capture vortex shedding structure. Figure 4 shows vorticity

M
—~-

Q72— R0
L

(a) Location extracting vorticity magnitude

50000 4 ---- Level 1
——Level 2
£ ----Level 3
40000 4
[}
°
=
E 30000
o
©
=
> 20000+
8
=
£ 10000}
04
0.0

x/L
(b) Vorticity magnitude

Fig. 5. Location extracting vorticity magnitude and vortex shedding
structure along r/R=0.79
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downstream behind the wedge-type flame holders. The
flow structures are quite similar in each grid system. Figure
5 represents vorticity magnitude along r/R=0.79 for each
grid level and the quite similar shedding behavior of Level 2
and the Level 3. Therefore, the Level 2 grid were applied for
efficient computation cost of this study.

3.3 Dominant Pressure Oscillation for Inlet Buzz Op-
eration

The flow conditions were set at a flight Mach number 2.1
at an altitude 1 km. The overall equivalence ratio of the air/
fuel mixture is 1.0. In order to simulate the self-sustained
inlet buzz, the computational domain includes the entire
engine flow path, extending from the leading edge of the
inlet center-body through the exhaust nozzle as shown in
Fig. 1. Zones 1 and 3 contain 138x199 and 81x80 grid points,
respectively, and zone 2 and zones 4 through 8 consist of
360x120, 151x120, 42x41, 42x41, 42x40, and 308x180 grid
points, respectively. The grid system of the computational
domain from zonel to the middle of zone 4 is identical to
that of Level 2 and then the grid system of other zones was
constructed following the grid resolution of Level 2.

Figure 6 shows snapshots of the vorticity, Mach number,
temperature, and normalized pressure(based on maximum
pressure) fields, zoomed in the inlet and combustor. Air
approaches the engine at a Mach number 2.1, passes
through a shock train in the compression section at an
intake and supersonic diffuser and then mixes with fuel
before the flame holder. The Mach number at combustor
is very low because of the increase of sonic speed as a
temperature increase as chemical reaction takes place in
the combustor. A positive value of vorticity corresponds to
the counter-clockwise motion. Strong vorticities form along
the inlet walls, especially on the cowl side, to satisfy the no-
slip condition. The flow separation caused by the shock/
boundary-layer interaction, as well as the flow divergence in
the downstream region of the center body, also contribute to
the generation of vorticity. In addition, vorticity is produced
in the combustor due to the flame motion and its interaction
with the non-uniform velocity field downstream of the flame
holders. Large-scale vorticities are produced and fluctuate at
a time scale commensurate with that of the flame fluttering.
The frequency contents of flow oscillations at various
locations in the engine are examined to provide direct
insight into the characteristics and driving mechanisms of
unsteady motions.

The pressure oscillations are recorded at locations
P1 through P11 to investigate the unsteady motion in
the engine (Fig. 7). The overall fluctuations bear strong
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Vorticity, 1/5

-2000 =500

1000 2500 4000 5500 7000 8500 10000

Mach Number

0.05 0.25 0.45 0.65 0.85 1.05 1.25 1.45 1.65 185 2.05

(a) Vorticity (up) and Mach number (down) contours

Temperature, K
230

621 1000 1363 1730 2105 2500

Normalized
Pressure

0.10 0,18 0.26 0.34 0.42 0.50 0.58 0.66 0.74 0.832 0.90

_—

(b) Temperature (up) and normalized pressure (down) contours

Fig. 6. Snapshots of vorticity, Mach number, temperature, and normalized pressure based on maximum pressure fields zoomed in the inlet and

combustor

harmonic oscillation except P1, which is located inside
the displacement of the terminal shock train. The bow
shock named terminal shock wave oscillates periodically
around P1 in response to the acoustic wave produced by
the combustion oscillation. The time interval between the
peaks of the pressure fluctuation amounts to the oscillation
period of the terminal shock train. The pressure amplitude,
however, varies according to the shock strength determined
by the terminal shock location. The detailed flow structure
around of the terminal shock will be discussed later in
connection with Figs. 10 and 11. P2 is always located
behind the terminal shock. The amplitude of the pressure
fluctuation tends to decrease because of the dissipation
along the flow path toward the combustor. It abruptly
increases at the combustor exit due to the vortex-induced
acoustic oscillation in the contraction region of the nozzle.
Figure 8(b) shows the frequency spectra of pressure signals.
The dominant frequencies of pressure fluctuations have the
values of 294 Hz and 600 Hz at all the locations, except for P1
which exhibits a broad distribution. The dominant pressure
oscillation may mainly related with the buzz motion
of terminal shock because it changes not only acoustic

171

wave’s boundary condition, but the amount of air mass
flow delivered into the intake as the terminal shock wave
locates outside and inside of the cowl tip. Figure 8 shows the
temporal evolution of the inlet air mass flow delivered into
the engine and its frequency contents. The variation of the
air mass flow rate is about 5% of average value. The major
frequency is around 294 Hz, identical to the situation with
the pressure oscillations. The phases, however, are different,
as evidenced in Fig. 9. The terminal shock moves back and
forth in the inlet, thereby producing oscillations of the inlet
air supply in accordance with the combustion oscillation
frequency of 294 Hz [12, 18].

3.4 Terminal Shock Train for Inlet Buzz Operation

Figures 9 and 10 show the temporal evolution of the flow
dynamics near the cowl lip within a buzz cycle. The figures
from (a) through (h) in Fig. 9 and Fig. 10 are in accord with
the temporal points from “a” through “h” represented in Fig.
11. The cycle starts at point ‘a’ in Fig. 11. As the terminal shock
moves upward, the pressure magnitude at P2 decreases (see
“NP 0f 0.68 and 0.755” moving downstream) as shown in Fig.

http://ijass.org
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9 (a) through Fig. 10 (d) because the pressure wave eva

through the gap between the terminal shock and the cowl
lip, after “NP=0.755" moves upstream, and the pressure

cuates builds up. The terminal shock is first disgorged out of the
cowl lip, then moves downstream, and finally stays at the

cowl lip. Such a process of the terminal shock motion occurs
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Fig. 7. Pressure fluctuation and frequency spectra recorded at P1, P2, P5, P9, P10, and P11
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(a) Mass flow rate
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Fig. 8. History and frequency spectra of mass flow rate fluctuation recorded at the inlet
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periodically. Figures 9(i) and 10(i) show that the moving
distance of pressure waves, NP=0.68 and 0.755, and terminal
shock for one buzz cycle. The oscillation period may be
determined by the complex coupling between the inlet and
combustor flow dynamics which discussed in paragraph 3.5.

Figure 10 shows the contours of the density gradient
magnitude. The shock structures and their interactions with
the boundary layers are clearly observed. Strong vorticity
is produced by the shock/boundary layers interactions
and the flow divergence in the downstream region of the
center body. The geometric variation of the recirculating
region is dictated by the relative strength of the two
vorticity-production mechanisms. The location of the shock-
induced boundary-layer separation and associated flow
structure specially separation bubble play an important role
determining the terminal shock train. The separation bubble
increases boundary layer thickness and reduces the cross
section area of flow-through so that it prohibits the terminal
shock moving further downstream which can be supported

cowl

shock oscillation region

Wét center body

firstramp  second ramp

Center-body

by the Fig. 10(i).

3.5 Interactions between Inlet Buzz and Combus-
tion Oscillation

As shown in Figs. 7 and 8, pressure oscillations with
well-defined frequencies prevail in the entire flow path of
the engine. The terminal shock movements back and forth
during inlet buzz results in the change of both the air mass
flow rate delivered into the inlet and total pressure of inlet
air so it is valuable to investigate the dynamic behavior of
mass flow fluctuation and pressure oscillation in the engine.
The air mass flow rate and the pressure fluctuation for a buzz
operation have different fluctuation history as shown in Fig.
11. While mass flow rate decreases as the terminal shock
moves further away from the inlet cowl because increased
spillage of incoming air mass, the pressure behind the
terminal shock, P2 increases oppositely due to strong bow
shock. The opposite trend can be expected as the terminal

Mach il ll -

Number 0.05 0,25 0.45 0.65 0.85 1.05 1.25 1.45 1.65 1.85 2.05
Hormalized I T TET T T
Pressure 0.10 0.18 0.26 0.34 0.42 0.50 0.58 0.66 0.74 0.82 0.90

Center-body

Center-body

NP =0.68
/ NP =0.755

Center-body

NP = 0.68

NP =0.68

Center-body

NP = 0.68

(d)

Center-body

Center-body

NP =0.68
* NP =0.755

/

®

= NP=068
25 4 NP=0.755
Terminal shock moving distance 10

=068 p—_0755

(2

NP =0.68

(h)

NP =0.755

NP moving, (x-xc, JICL
=
e
»

Terminal shock moving, 100+(x-xc, JCL

Fig. 9. Detail inlet flow structure during one buzz cycle: 1) terminal shock (TS) oscillation (up) described by Mach flood contour and Mach number
line of 1.0, and 2) pressure wave (down) described by normalized pressure (NP based on the maximum pressure value in whole simulation )
flood and line contour and 3) (i) moving distance of two pressure waves and the terminal shock from the cowl tip.
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shock moving distance from the cowl-location is based on CL and non-dimensional separation bubble size is the ratio of SL to CL

shock approaches to the inlet cowl. The pressure change
behind the terminal shock influences the pressure in the
entire flow path of the engine. Both pressure immediately
downstream of the terminal shock (P2) and pressure at
the center of the combustor (P10) fluctuate at the same
frequency of 294 Hz, but with out of phase.
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Fig. 11. Fluctuation history of mass flow rate at the inlet and pressure
atP2,P10,and P11
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Figure 12 presents snapshot of temperature contours
and the fuel mass fraction in the combustor within a buzz
cycle with =294 Hz. Flames are highly oscillatory because
the vortical motion behind the flame holders influences the
fuel-air mixing. As a result, the oscillatory flames anchored
at the flame holders aggravate the pressure and temperature
fluctuations, which subsequently wrinkle the flame fronts
through the influence of the complex vortical field. Un-
burnt gases along the combustor wall and in the center
region affect the local heat release rate and ensuing pressure
and vorticity fluctuations, thereby causing variations of the
oscillation frequencies. The combustion completes in the
rear region of the combustor.

4. Conclusions

A unified numerical analysis was conducted to study the
inlet buzz and combustion oscillation in an axisymmetric
ramjet engine which consists of a mixed-compression

supersonic inlet and two wedge-hollow-cone-type flame
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Fig. 12. Snapshots of fuel mass-fraction(up) and temperature(down) contours in the combustor within a buzz cycle

holders. The physical domain of concern includes the entire
engine flow path, extending from the leading edge of the
inlet center-body through the exhaust nozzle. Major results
from the present study are summarized as follows;

1) As a consequence of the oscillatory motion of the
terminal shock around the inlet cowl lip, i.e. inlet buzz, the
rate of the air mass flow delivered into the combustor varies.

2) The flow separation as well as a volumetric expansion or
contraction of the flow recirculation occurs according to the
strength of shock/boundary interaction. The location of the
shock-induced boundary-layer separation and separation
bubble structure play an important role determining the
buzz characteristics.

3) Both pressure immediately downstream of the terminal
shock (P2) and pressure at the center of the combustor (P10)
fluctuate at the same frequency of 294 Hz, but with out of
phase.

4) The terminal shock outside of the cowl decreases the
inlet air mass delivered into the intake because of air spillage.
And the chamber pressure decreases due to the decreased
total mass flow rate of air and fuel at a typical fuel-air ratio.
And then the terminal shock moves downstream to the
inlet cowl because the decreased pressure behind terminal
shockinduced by the decreased chamber pressure. However
the terminal shock can move downstream only to a typical
location where a recirculation bubble occurs. And then the
chamber pressure increases again because the amount of
air delivered into the intake increases as the terminal shock

locates inside of intake, i.e. no or small air spillage. And then
the increased chamber pressure pushes the terminal shock
outside of the cowl again. So the inlet buzz operates.
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